؊/؊ mouse provides an ideal animal model to study the consequences of congenital hypothyroidism, because its only known defect is the absence of thyroid follicular cells.
T HYROID HORMONES (THs) are essential for the control of many metabolic and developmental processes (1) (2) (3) (4) . The physiological importance of these hormones is evident under the conditions of congenital hypothyroidism, a relatively common disorder mainly caused by thyroid dysgenesis or agenesis (5) , which occurs with a frequency of 1 in 3600 newborns (6) . If TH replacement therapy is not instituted immediately after birth, severe forms of congenital hypothyroidism lead to the syndrome of cretinism, which is characterized by growth retardation, metabolic disturbances, severe neurological defects, and mental retardation (3) .
To study the consequences of congenital hypothyroidism, Pax8 Ϫ/Ϫ mice provide an ideal animal model, because their only primary defect is the complete absence of thyroid follicular cells. Therefore, these mice are completely athyroid in postnatal life, resulting in death around weaning unless they are substituted with TH (7) .
The majority of TH effects on growth, development, and metabolism are mediated through the binding of T 3 to nuclear hormone receptors that regulate the expression of T 3 -sensitive genes (8) . These TH receptors (TRs) are encoded by two distinct genes, TR␣ (NR1A1) and TR␤ (NR1A2), that give rise to eight different splice variants (TR␣1, -␣2, -⌬␣1, -⌬␣2, -␤1, -␤2, -␤3, and -⌬␤3). However, only four proteins (TR␣1, -␤1, -␤2, and -␤3) can be considered to act as thyroid hormone receptors, because they contain a ligand as well as a DNAbinding domain (9) . The nonbinding isoforms have been discussed to act as dominant negative antagonists, as deduced from in vitro experiments; their physiological role in vivo, however, is still poorly defined (10) .
Corresponding to the vast array of TH effects on body homeostasis, TRs are found in essentially every tissue, with TR␣1 more ubiquitously expressed than TR␤ isoforms. Mutant mice deficient in the expression of one or several TR proteins have been generated to assign certain T 3 effects to specific TR subtypes. Analysis of TR␤ Ϫ/Ϫ mice, for example, has revealed that TR␤ plays a more specific role in cochlear and retina development and TSH feedback regulation (11, 12) , whereas the phenotype of TR␣1-deficient mice suggests a predominant role of TR␣1 with regard to the regulation of heart rate and body temperature (13) . However, compared with athyroid Pax8 Ϫ/Ϫ mice, these TR-deficient animals are only mildly affected. Even mice devoid of all TRs (TR␣1 (14) , although they are poorly fertile, suggesting a more complex regulation pattern of TH-dependent processes.
That the absence of the ligand results in more deleterious effects than the absence of receptors has underlined the importance of unliganded TR action. Hormone-independent binding of TR to DNA and interaction with corepressors leading to suppression of basal gene expression have been discussed as a putative mechanism of the so-called aporeceptor activity. Recently, Flamant et al. (15) the hypothesis that the mortality of Pax8 Ϫ/Ϫ mice is due to TR␣1 aporeceptor activity. In this study we report the generation of Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice. These animals that still express the non-T 3 -binding forms, TR␣2 and TR⌬␣2, do not survive beyond weaning and exhibit a phenotype similar to that of Pax8 Ϫ/Ϫ mice.
Materials and Methods

Experimental animals
Animal procedures were approved by the animal welfare committee of Medizinische Hochschule Hannover. Mice were kept at a constant temperature (22 C) and light cycle (12 h of light, 12 h of darkness) and were provided with standard laboratory chow and tap water ad libitum. Animals were killed by decapitation, and tissues were isolated quickly, frozen in liquid nitrogen, and stored at Ϫ80 C until additional processing. Trunk blood was collected, and serum was obtained by centrifugation and stored at Ϫ80 C.
Generation of Pax8
Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice and genotype determination
Pax8
Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice were generated by intercrossing Pax8 ϩ/Ϫ (7) and TR␣1
Ϫ/Ϫ mice (13) (obtained from The Jackson Laboratory, Bar Harbor, ME). Wild-type controls were littermates of Pax8 Ϫ/Ϫ mutants. For DNA preparation, the mouse tail was incubated overnight at 60 C in extraction buffer [50 mm Tris-HCl (pH 8.0), 100 mm NaCl, 100 mm EDTA, 1% sodium dodecyl sulfate, and 50 g/ml proteinase K]. DNA was precipitated by isopropanol and was used for standard PCR assays. Pax8 genotyping was performed by PCR using the primers described by Flamant et al. (15) , and the protocols provided by The Jackson Laboratory were followed for TR␣1 genotype screening.
Real-time RT-PCR
Total RNA was isolated from pooled mouse pituitaries (n Ͼ 3/gender and genotype, at least three pools) using the Absolutely RNA Microprep Kit (Stratagene, La Jolla, CA). cDNA was generated with the Thermoscript RT-PCR System (Invitrogen Life Technologies, Inc., Carlsbad, CA) and digested with ribonuclease, as suggested by the supplier. Samples without reverse transcriptase were used as negative controls to confirm the absence of genomic DNA. Quantitative real-time PCR was performed using the iCycler iQ Multi-Color Real-Time PCR Detection System and the iQ SYBR Green Supermix (Bio-Rad Laboratories, Munich, Germany). Cyclophilin and ␥-actin were used as housekeeping genes for normalization. The following primers were chosen to generate the PCRfragments: cyclophilin, GCAAGGATGGCAAGGATTGA and AGCAA-TTCTGCCTGGATAGC; ␥-actin, AGTCCTGTGGTATCCATGAG and CACCAGACAGCACTGTATTG; TSH-␤, CCGCACCATGTTACTC-CTTA and GTTCTGACAGCCTCGTGTAT; prolactin, GCAGTCACCA-TGACCATGAA and AGATTGGCAGAGGCTGAACA; GH, CGCTTC-TCGCTGCTGCTCAT and GTCCGAGGTGCCGAACATCA; TR␤, GT-GACACGAGGCCAGCTGAA and TAGCAGGACGGCCTGAAGCA; and TR␣1, GAGGCTAGGACCCAAGTTCT and CCTCCTGACCCTA-CAGTCAA.
In vitro transcription
Digoxigenin-labeled RNA probes were generated from cDNA subclones in Bluescript SKII ϩ plasmids or pGEM plasmids (Promega Corp., Mannheim, Germany). Transcription was carried out in vitro according to standard protocols using a DIG RNA Labeling Kit (Roche, Mannheim, Germany). Probes were generated from cDNA fragments as described previously (16, 17) . cRNA probes were diluted in hybridization buffer [50% formamide, 10% dextran sulfate, 0.05% tRNA, 0.6 m NaCl, 10 mm Tris-HCl (pH 7.4), 1ϫ Denhardt's solution, 100 g/ml sonicated salmon sperm DNA, 1 mm EDTA, and 10 mm dithiothreitol] to a final concentration of 5 ng/l.
In situ hybridization (ISH)
After decapitation, pituitaries were removed rapidly, embedded in Tissue-Tek medium (Sakura Finetek, Torrance, CA), and frozen on dry ice. Sections (16 m) were cut on a cryostat (Leica, Bentheim, Germany), thaw-mounted on silane-treated slides, and stored at Ϫ80 C until additional processing. In situ hybridization histochemistry was carried out as described by Schäfer et al. (18) . Briefly, sections were fixed in a 4% phosphate-buffered paraformaldehyde solution (pH 7.4) for 1 h at room temperature, rinsed with PBS, and treated with 0.4% phosphate-buffered Triton X-100 solution for 10 min. After washing with PBS and water, tissue sections were incubated in 0.1 m triethanolamine (pH 8) containing 0.25% (vol/vol) acetic anhydride for 10 min. After acetylation, sections were rinsed several times with PBS, dehydrated by successive washing with increasing ethanol concentrations, and air dried.
After application of the labeled cRNA probes, sections were coverslipped and incubated in a humid chamber at 58 C for 16 h. After hybridization, coverslips were removed in 2ϫ standard saline citrate (2ϫ SSC; 0.3 m NaCl and 0.03 m sodium citrate, pH 7.0). The sections were then treated with ribonuclease A (20 g/ml) and ribonuclease T1 (1 U/ml) at 37 C for 30 min. Successive washes followed at room temperature in 1ϫ, 0.5ϫ, and 0.2ϫ SSC for 20 min each and in 0.2ϫ SSC at 65 C for 1 h. Sections were rinsed with P1 (100 mm Tris-HCl and 150 mm NaCl, pH 7.5) and then incubated for 2 h in blocking solution provided by the manufacturer of the kit. After incubation overnight with antidigoxigenin antibody conjugated with alkaline phosphatase (1:2500 dilution; Roche), the tissue sections were washed with P1. Staining proceeded for 2-16 h in substrate solution containing nitro blue tetrazolium chloride (340 g/ml; BIOMOL, Hamburg, Germany), X-Phosphate (5-bromo-4-chloro-3-indolyl phosphate, 175 g/ml; Biomol, Hamburg, Germany), 100 mm Tris-HCl, 100 mm NaCl, and 50 mm MgCl 2 , pH 9.5.
Hormone measurements and type 1 iodothyronine deiodinase (D1) activity
Serum T 4 and T 3 concentrations and liver D1 activity were determined as described in detail previously (17) .
Results
Development of Pax8
Ϫ Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice did not survive weaning. Spontaneous survival was observed in very few cases (two pups of Ͼ520 litters). By daily administration of T 4 (20 ng/g body weight), Pax8
Ϫ/Ϫ mice could be rescued and survived to adulthood, indicating that the mortality of these animals is a direct consequence of their athyroidism.
Serum iodothyronine levels
As in Pax8
Ϫ/Ϫ TR␣1 ϩ/ϩ mice, total T 3 and T 4 are undetectable in serum of Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ animals, confirming that maternal supply is negligible after birth. In Pax8 animals with one surprising exception; in all mutant mice analyzed, the relative brain weight was found to be elevated compared with that in control animals, with the highest weight observed in Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice (a 1.6-fold increase compared with Pax8 Ϫ/Ϫ TR␣1 ϩ/ϩ mice). Even when absolute brain weights were considered, the relatively small Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ animals had a slightly larger brain (0.425 Ϯ 0.047 g) than control animals (0.336 Ϯ 0.017 g).
Although all organs analyzed appeared macroscopically normal, without gross pathological changes, the pituitaries of the athyroid Pax8 Ϫ/Ϫ TR␣1 ϩ/ϩ and Pax8
mice exhibited a glossy/translucent, not an opalescent appearance like those of control and Pax8 ϩ/ϩ TR␣1 Ϫ/Ϫ animals (Fig. 3) .
Expression pattern analysis of pituitary hormones
When we also analyzed the pituitary hormone expression pattern by in situ hybridization, we did not observe any differences between control and Pax8 ϩ/ϩ TR␣1 Ϫ/Ϫ mice with regard to either the cellular distribution pattern or the hybridization signal intensities (Fig. 4) . In contrast, the cellular composition of athyroid Pax8
ϩ/ϩ and the Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ mouse pituitaries is completely distorted. Not only the TSH-␤ transcript levels but also the number of cells expressing TSH-␤ mRNA were dramatically increased in both athyroid animal models. Lactotrophs were almost absent in these mice, and the numbers of GH and LH mRNA expressing cells were decreased. Only corticotrophs appeared not to be affected by the absence of THs.
FIG. 1. Growth curves of Pax8
Quantitative real-time PCR analysis revealed that corresponding to the ISH data, TSH-␤ transcript levels were highly increased, whereas prolactin and GH levels were dramatically decreased in athyroid animals (Fig. 5) . No obvious changes in transcript levels were observed after analyzing the pituitaries of Pax8
Ϫ/Ϫ mice. Again, the Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ pituitary phenotype closely resembled that of Pax8 Ϫ/Ϫ TR␣1 ϩ/ϩ animals, implying that TR␣1 aporeceptor activity is not responsible for the pituitary malformation observed in Pax8 Ϫ/Ϫ TR␣1 ϩ/ϩ mice. We also employed quantitative real-time PCR to assess the transcript levels of the T 3 -binding TR isoforms. Compared with control animals, TR␣1 mRNA levels were not different in Pax8
Ϫ/Ϫ TR␣1 ϩ/ϩ mice. TR␤ transcript levels were also quite similar in all four genotypes.
Discussion
Pax8
Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice were generated by breeding Pax8 ϩ/Ϫ TR␣1 Ϫ/Ϫ mice. Because Pax8 ϩ/Ϫ TR␣1 ϩ/ϩ mice are not different from control animals (16), it was not surprising that Pax8 ϩ/Ϫ TR␣1 Ϫ/Ϫ animals developed like Pax8 ϩ/ϩ TR␣1 Ϫ/Ϫ mice and exhibited the same characteristics. Although it was originally reported that in Pax8 ϩ/ϩ TR␣1 Ϫ/Ϫ mutants TH levels are reduced only in males (13), we observed slightly altered serum T 4 and T 3 levels in both genders, as reported by others (19, 20) . Phenotypically Pax8
closely resembled Pax8 Ϫ/Ϫ TR␣1 ϩ/ϩ mutants, indicating that the absence of THs is the determining factor. Like Pax8
ϩ/ϩ mice, the compound mutants were severely growth retarded and did not survive weaning, but could also be rescued to reach adulthood if treated with THs.
In Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ and Pax8 Ϫ/Ϫ TR␣1 ϩ/ϩ mice, the absence of THs similarly affected the relative tissue weights of most organs, whereas the absence of TR␣1 exerted only minor effects. In brain, however, not only the absence of T 3 as ligand, but also the absence of TR␣1, led to an increased relative tissue weight. This is not surprising, because TR␣1 (but not TR␤) is known to be expressed during early embryonic stages where the TR␣1 aporeceptor seems to exert a suppressive function on tissue development (21) . Because Pax8 Ϫ/Ϫ TR␣1 ϩ/ϩ animals lack the stimulatory effects of THs as a differentiation factor (for review, see Ref. 1), it could be speculated that the increased brain mass may be the result of a prolonged proliferation phase during development. Not easily explained is the fact that the brain mass of compound mutants is higher than that of animals with single gene deletions. Of course, this aspect requires additional investigation.
For the pituitaries, the relative tissue weights of the mutants were also moderately increased. With regard to appearance, cellular composition, and signal intensities of hormone transcripts, the pituitaries of the Pax8 ϩ/ϩ TR␣1 Ϫ/Ϫ and Pax8 ϩ/Ϫ TR␣1 Ϫ/Ϫ mice did not differ from those of control animals, indicating that TR␣1 is of minor importance in the control of pituitary development and hormone regulation. Correspondingly, the pituitaries of Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice closely resembled those of Pax8 Ϫ/Ϫ TR␣1 ϩ/ϩ mice. Both mutants exhibited a dramatically distorted cellular composition of the anterior pituitary, with severe hypertrophy and hyperplasia of thyrotrophs and an almost complete loss of lactotrophs, indicating that THs are important factors determining pituitary development and maintenance.
The absence of TH as ligand of the TRs is apparently also the decisive factor determining the mortality of the athyroid animals. This contrasts with the fact that the absence of T 3 -binding receptors has no lethal consequences. As is known, TR␣1
Ϫ/Ϫ (13) as well as TR␤ Ϫ/Ϫ mice (12) and even 
TR␣1
Ϫ/Ϫ TR␤ Ϫ/Ϫ compound mutants lacking all T3-binding TRs (14) are viable and survive to adulthood. Surprisingly, Flamant et al. (15) 
demonstrated that Pax8
Ϫ/Ϫ mice can be rescued by the additional inactivation of the complete TR␣ gene. The fact that Pax8 Ϫ/Ϫ TR␣ o/o mice survive to adulthood has been taken as an indication that the mortality of the athyroid animals is the consequence of lethal TR␣1 aporeceptor activity. This interpretation is not supported by our observation that Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice do not survive weaning, although TR␣1 is absent and therefore cannot exert any negative effects by acting as an aporeceptor. Obviously the mechanisms are more complex, and our data indicate that the TR␣2 isoform, which is still expressed in our compound mutants, might be involved in this process despite the fact that this isoform is unable to bind T 3 (13) . This interpretation is supported by the observation that in vivo, TR␣2 is indeed expressed as protein and is able to bind to DNA as a heterodimer with retinoid X receptor (9) . Moreover, TR␣2 is also known to act as a dominant negative inhibitor of TH response element-driven transcription and is considered a weak antagonist, although not as potent as unliganded TRs (22, 23) .
As an alternative interpretation, it could also be speculated that TR⌬␣2 might play a role in postweaning survival, because TR␣ Ϫ/Ϫ mice, in which TR␣1 and TR␣2 have been deleted and only the ⌬␣ isoforms are expressed (24, 25) , show a more severe phenotype than TR␣1 Ϫ/Ϫ or TR␣ o/o mutants, including early death after weaning. However, the physiological functions of the ⌬␣ isoforms are still unknown, and it is not clear whether these isoforms are expressed as proteins. Therefore, an involvement of TR␣2 seems more likely than that of TR⌬␣2.
The fact that Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice can be rescued by daily administration of THs suggests a hypothetical model that implies a complex formation of TR␣2 with another TR isoform capable of binding T 3 . Such a complex involving an unliganded isoform such as TR␤ in the Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ mouse or TR␣1 in the Pax8 Ϫ/Ϫ TR␤ Ϫ/Ϫ mutants might theoretically causes mortality around the time of weaning. This model would also explain why TR␣1 Ϫ/Ϫ TR␤ Ϫ/Ϫ mice that still express TR␣2 can survive to adulthood simply because these compound mutants are devoid of a T 3 -binding TR isoform (14) .
In light of the growing evidence for nongenomic actions of thyroid hormones in various tissues and organelles of mammalian cells (for review, see Refs. 26 and 27), it also seems conceivable that T 4 -treated Pax8 Ϫ/Ϫ TR␣1 Ϫ/Ϫ mice might be rescued via such mechanisms. This hypothesis would be in line with the fact that hyperthyroid TR␣1 Ϫ/Ϫ TR␤ Ϫ/Ϫ mice lacking all T 3 -binding receptors are viable (14) , but it is not supported by the findings that the athyroid Pax8 Ϫ/Ϫ TR␣ o/o animals survive without TH treatment. Obviously, these speculations warrant additional investigation.
